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ABSTRACT 


Materials having high strength and low thermal 
conductivity are being used increasingly. Despite advance 
in cutting tool materials, considerable difficulties axe 
experienced v\hile machining materials with low thermal 
conductivity. Due to enormous temperature rise tool v;ear 
becomes main problem. In many cases conventional cutting fluid 
becomes ineffective. In first part of the present work 

machining of mild steel at low temperature has been investigated. 
Liquid Nitrogen was used to cool work piece prior to machining, 

A study has been made about the effect of low temperature o>-l- 
cutting forces, coefficient of friction mechanism of chip 
f ormation while cutting v;i th high speed tool. It has been 
established that with the increase in cooling the cutting forces 
reduces and chip ratio increases and coefficient of friction 
increase. 

In second part of the work machining of commercially 
pure titanium was conducted. The effect of liquid nitrogen 
on the cutting forces, tool-chip interface temperature and chip 
formation have been investigated. It is found that the percentage 
drop in temperature is more vhen machining Titanium than when 
machining mild steel but reduction in cutting force is less than 
with mild steel. Increase in productivity at low temperature for 
S(qme wear as that in dry cutting has been reported. 
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CHAPTER 1 
INTRODUCTION 


1,1 Introduction 

. Machining under room temperature conditions is the 
most convenient and is still the most common process of 
producing components. But, irrespective of the possibility 
that new methods of machining may prove indjst rially 
practical, the attsnpted development of a new method may serve 
two usual purposes. First, we may learn from the new method 
the characteristics hitherto unknovm or unsuspected principles 
or patterns of behaviour may be evident. Secondly, we may 
develop by this liberal approach newer methods of machining 
vihich may have advantage over current ones. 

Temperature rise during the cutting not only reduces 
the tool life but also impairs the product quality by 
chemical action and induction of residual tensile stress as 
also microcracks at the machined surface. This problem is acute 
when the cutting speed is high and work material is heat 
resistant or difficult- to machine. The harmful effects of high 
machining temperatures may be substantially controlled by 
adopting the follov/ing strategic principles: 

1. By controlling the quantity of heat generated by 
improving the machinability criteria of the v>^ork and tool and 
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by optimizing the process parameters. 

2, By removing the heat from cutting zone vdth a 
coolant, 

3, By reducing the effect of temperature particularly 
on the tool, 

DevelofOTent of hard, tou^ and wear resistant tool 
materials such as coated caibide, tcwgh ceramics, UCON, BORZON 
have enhanced the cutting tool level to cope up with high 
temperature effects. The detrimental effect of high temperature 
on the work surface, however, are still a prdilem in hi^ 
speed machining, 

coolants 

Prof used cooling with conventional eut-ti-ng even in 
the form of jet or mist is virtually unable to solve this, 
problem. Under such circumstances cryogenic cooling by agents 
like liquid nitrogen vhich is gradually being made available 
at lower cost, may meet the challenge offered by heat and 
its effects. Research has already been undertaken to explore 
the benefits of cryogenic machining to evaluate its economic 
feasibility, 

■1,2 Properties of Material at Low Temperature 

Research in cryogenic engineering during the late 1800s 
led to the liquif ication of Oxygen ( 1871 ) foil ovdng by Nitrogen 
(1883), Hydrogen (1 891 ) and finally H eliura (1908) , These fluids 
provided scientists, the opportunity to conduct research at Tow 
temperatures. In the following section properties of material 
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which are expected to influence the machining behaviour of 
metal have been discussed, 

1 .2,1 Tensile Properties 

High temperature means hi^er order of thermal vibration 
of atoms and diffusion and vice versa. Deformation in solid 
is only due to stepvdse movement of dislocations throu^ a 
latticfe. There always exist a stress barrier surrounding the 
dislocation which resist the motion of involved atoms [l] , 

The deformation properties at low temperature are changed 
because there is less thermal activation available to assist 
the dislocation to overcome the obstacles. In the absence of 
thermal activation more force is required to overcome the force 
barriers. As a result at low temperature yield and tensile 
strength usually increases. Generally higher stresses are required 
to develop equivalent amount of strains. 

This dislocation theory is verified by different 
behavior of yield strength of fee and bcc lattices. Yield 
strength of fee materials increases by 20 to 3C^o v^ile yield 
strength of the bcc material increases by 1 [2] , In this case 
it is_ clear that behaviour of bcc materials is more tOTperature 

I 

dependent, fee materials retain their ductility at low 
tonperature but bcc materials beceme brittle [s] , These are 
characterized by a due til e -brittle transition region which 
occurs over a narrow range. Below transition temperature, the 
metal breaks in a brittle fashion with little or no plastic 
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deformation. At low temperature thermal activation will not 
be so effective in helping the dislocation to pull away 
from their impurity atmospheres and yield stress increases. 

The reason vhy this effect is not observed in fee metal 
is given as ,in fee structure an impurity atom produces a 
spherically symmetrical distortion of the lattice and it is 
only attracted to the edge dislocation. The screw d: slocation 
are left free of impurity, and thus can move under a much 
lower stress. In bcc materials the impurity atcxns cause a 
nonsphe ideal distortion of the lattice and some of this strain 
can be relieved by the screw dislocation as well. Thus all 
the dislocation can be anchored by the impurity atoms. 
Characteristics of hep materials fall between fee and bcc alloys. 
In many case it behaves more likely bcc alloys [ 12 ] , 

Several theories have been also given to explain the 
change of tensile properties of materials at low temperature [ 2j , 

Elastic properties of crystal is affected by lattice 
vibration. Elastic properties of crystal are determined primarly 
by strain dependoice of harmonic frequency distribution of 
the crystal lattice. Frequency of vibration of cr/stalline 
prism can be determined with the help of elastic constants. 

Elastic constants are physical properties relating stress 
to strain. Figure 1,1 show how various elastic constants 
vary with temperature between O'Vand 300®K, Elastic stiffness of 
material increases by 5 to 15% during cooling * 
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1.2,2 Thermal Properties 

Thermal properties of materials determine the relative 
rate of temperature rise at the tool edge, the ultimate distri 
button of heat between tool chip and workpiece and the probabi 
l.i ty of incurring residual stress in the part due to thermal 
growth and plastic flow, 

(a) Specific Heat 

Heat capacity c defined as the amount of heat required 
to raise the temperature of a system by a unit of temperature 



The heat capacity per unit mass is called the specific heat. 

Before the advent of the quantum the cry the value of 
specific heats of solidswere calculated using the classical 
theorem of equipartition^^nergy. It was assumed that, each 
atom or molecule in a solid is able to vibrate about a fixed 
point. This vibration can extend in three dimensions, 

Ecjuipa rti tion of energy theorem ascribes an energy of 3 KT 

to each atom or molecule. From this assumption molar specific 

~1 “1 

heat has the constant value 3R = 29,94 J mol deg , This 

relationship is very successful both at and above room 
temperatures, but fails to deteimine the specific heat at 
low temperatures. Einstein ( 1907) and later Debey tried to 
explain decrease in specific heat at low temperature. 
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According to Debey theory atomic system is assumed to 
be an elastic continuum in v/hich only certain frequency can 
be excited and maintained. These will be those v^iich are 
able to set-up standing waves in the medium, any others vdll 
die out rapidly [4] , Debey assumed lattice vibrate with 
a upper limit to the vibrational frequencies. He developed a 

3 

formula which co-relate the specific heat v;ith T at low 
temperatur es 


C = 1944 r (|-)^ J moT^ K'*"' 

Cy = specific heat, 

0p = hV/kT 

r = number of atoms per molecule. 

From the above discussion it is clear that specific heat is 
a strong function of temperature, particularly for T < 200®K, 
Figure 1,2 shows the specific heat as a function of temperature 
for several types of material [5] , 

(b) Thermal Condjctivitv 

ThernBl donductivity correlates the two parameters, 
heat flow and temperature gradient. For steady state unidirecti ona 
heat flow through an isotropic medium, this relationship is 
given by the equation: 



Q - Hate of heat flow, 
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A - Area through which heat is passing, 

K - constant of pro pjortiona Hty knovffi as thermal conductivity. 

Different type of materials have different mode of 
conduction. In pure metal and dilute alloys the free electrons 
are solely responsible for conduction of heat. In case of highly 
alloyed metal the heat conducted by quantized lattice vibration 
(phonons) becomes more dominant. In non-metal and structural 
material the heat is conducted only by phonons and in semi- 
c (Xiductor material electron holes pair conduction is present. 
Figure 1,3 shovi^s the heat conduction mechanism. 

In metals while conducting heat, movement of free electron 
is generally restricted by phonons, lattice imperfection, 
other electrons and magnetic fields. Lattice vibration an^ 
lattice imjK rf ection play most significant role in restricting 
the motion of electrons. Material imperfections become most 
important at low temperature [4] , Due to different types of 
crystal imperfection. Single value of conductivity can not 
be obtained at low temperature. Figure 1 ,4 gives an idea about 
the variation of thermal condjctivity with change in temperature. 
As the temperature decreases, the alloy thermal conductivity 
decreases approximately linearly, v^ereas for the purer 
elements it is a complex dependency.For purer elements thermal 
conductivity reaches maximum then rapidly decreases as temperature 
approaches the absolute zero. 
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1 ,2,3 Mechanical Properties of Some Encdneerina Alloys 

It is important to remember that effect of cryogenic 
temperature on material is primarily dependent upon crystalline 
structure. The summarised review of typical effects for bcc, 
fee, and hep materials are given in Table 1,1. Temperature 
generally encountered in cryogenic testing are the boiling 
point of the liquified gases, e,g, 4‘'K (Helium), 20‘'K (Hydrogen), 
(Nitrogen) ,90®K (Oxygen), 

(a) Iron Base Alloys 

At room and cryogenic temperature the Iron base alloys 
have either bcc or metastable fee structures. Depending upon 
composition and microstructure of the material, the bcc base 
Iron alloys undergo a ductile to brittle transition in vdde 
range of temperature varying from above room temperature to as 

W(3n_ 

low as 100-200''K, Reduction in temperature of pure causes 

large increase in yield and tensile strength, ultimate strength 
approaches the yield strength. Ductility and toughness are 
severely affected after transition temperature (lOO-lbO^K). 

After transition temperature, pure iron becomes brittle and 
shows zero ductility. Ingot and wrought iron have greater 
strength and lower djctility at room temperature, but behave 
quite similarly. Generally transition temperature is much higher 
and may even be room temperature depending upon the impurity 
and microstructure. 
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Low, medium and high carbon steel and cast iron possess 
a bcc structure and bdiave similarly as stated above. Transition 
temperature may vary over wide range from above room temper- 
ature to 150-200''K, Similarly high alloy ferritic and 
martensitic steel are affected much in the same way as carbon 
steel or low alloy steel and transition temperature range is 
from 150 to 300®K, Many of the austenitic stainless steels 
retain fee structure from 298 to 4®K, IXie to different type of 
crystal structure it behaves quite differently at cryogenic 
temperature than do the bcc iron alloy. At cryogenic temperature , 
large increases (100/0 in tensile strength, smaller increase 
(20-50%) in yield strength and little or no effects on ductility 
have been found [2] , However, several of these steels have 
total or partial transformation from austenite to martensite. 

The properties of these type of materials are combination of fee 
and bcc materials. Figure 1,5 summarize the effect of cryogenic 
temperature on the properties of base alloys. 

(b) Nickel and Cobalt Base Alloy 

The crystalline structure of nickel and cobalt are fee 
and hep respectively, Hov/ever, nickel-cobalt alloy in which 
nickel is 10% possess fee structure at room and cryogenic 
temperatures. At cryogenic temperature annealed nickel and 
cobalt alloys show increase in tensile strength by 100%, yield 
strengih about 40-60% ,.[ temperature has no effect on 

its ductility and toughness. Aged and cold- rolled materials have 
increase of about 50% for both yield and tensile strength. 
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( c) Titanium and Titanium Base Alloys 

Structural itanium a Hoys are coming in for increased 
use because they are li^t, cbctile and have good corrosion 
resistancoo Some form of commercially pure Ti and some alloys 
show good cryogenic properties while high temperature properties 
are satisfactory. Titanium has a closed packed structure 
(alpha form) at temperature below 885®C and bcc (beta form) 
at higher temperatures. Addition of alloying elanents 
chants the transformation temperature and also results in 
fonmation of solid solution and their metallic compounds. 

Depending on the crystalline structure, Titanium alloys fall 
into three classes: all alpha alloyi alpha beta alloys and 
all beta alloys. 

Commercially pure Titanium and all alp^a Titanium alloys 
have fairly low strength and are very ductile and tough at 
room temperature. Tensile and yield strength are greatly 
increased at cryogenic temperature. Due to presence of inter- 
stitial, ductility and toughness are greatly affected. But, very 
lov^ interstitial grades of Titanium retain their ductility at low 
temperatures. Normal ccxnmercial amount of interstitials adversely 
affect the ductility of Titanium alloy. Toughness of Ti alloy 
decrease severely below temperature 77 ''K, The alpha-beta 
alloys are affected much in the same way as the alpha titanium 
alloys. However, most of alpha beta titanium alloys lose ductility 
and toughness at 200 to 77®K, . 
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All beta Titanium alloys have very high strength and 
good weldability. Beta titanium bdiaves lite bcc materials 
and beconies brittle at cryogenic temperature. Transition 
temperature for all -Titanium alloy has been found to be at 
about 200‘>K. 

The rate of increase of tensile strength of Titanium 
alloy exceeds the rate of increase of shear strength on 
reducing temperature. Figure 1,6 summarize the mechanical 
properties of Titanium alloys, 

1 ,3 Mechanism^, of Chip Formation and Types of Chios 

1,3 <i rv1eehdr>1srYl. 

The action of cutting tool subjects the layer of metal 
being cut to compression. It is accompanied by elastic and 
plastic deformation. Plastic strain consists in the displacement 
of the metal in reference to other layers along the sopalled 
slip planes v,hich are considered to coincide v.lth the 
direction of maximum shear strain. Such displacement occurs both 
betv;een the particles of crystalline grain (in monocrystal) and 
between the grains themselves in a polycrystal. As a result 
of this displacement, the shape of grain, their size and relative 
position are changed. The process of plastic deformation is 
accompanied by much heat generation and change in the local 
properties of metal. 
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In metal cutting compression process differs from 
ordinary compression of a specimen loaded by surface approaching 
each other (platen of a testing machine) in that the layer 
being cut off is bound to the rest of the blank. Principal 
laws of ordinary compression are also valid for above compression, 
and that the chip forming process is actually the process of elastic 
plastic deformation of the layer being removed, 

1 >3 .2 Principal Chip Types 

( a) Discontinuous Chips 

Discontinuous chips form v/here cracks form 
periodically along a line of maximum shear stress (Fig, 1 ,7(^a])- 
Between the cracks the material is extruded into region of 
highly deformed material that moves in direction of metal to 
be cut and simultaneously roll down on the tool face, V^en 
the strain in the chips reaches a critical value, the chip 
fractures and the process begins over again. In this case 
cutting begins at a relatively high shear angle v^ich decreases 
as the cutting proceeds. This type of chips are produced when 
the cutting speed is low or cutting material contains points of 
stress concentration (cast iron) or when high friction exists 
between tool and chips « 




(a) Discontinous chip 





(c) Serrated chip 
Fig. 1.7 Formation 


(d) Continous chip with BUE 

I 

of different types of chips. 
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( b) Continuous Chips (Without Built Up Edge ) 

( i ) Homogeneous Deformation ( Recailar Shape) 

In crystalline ductile materials each successive element 
of the material passes through a narrow region called shear zone, 
where sliding on crystallographic slip plane occurs until it 
is halted by werk hardening process. This shear movement is 
then transf erred to the next lamella passing through the shear 
zone, thus yielding in succession and producing continuous 
chips Fig, 1,7(b) , After the severe plastic deformation 

in primary shear zone it flov/s over the ra surface of the 
tool and strong adhesion between the tool and nevdy formed chips 
results in some sticking. Thus the chip material at this 
surface undergoes a further plastic deformation, since despite 
the sticking it flov;s. This zone is referred as secondary shear 
zone. Efficiency of continuous chip formation can be judged by 
the magnitude of the shear plane inclinationo 

( ii ) Inhomogeneous Strain (Irregular Shape) 

A continuous chip with characteristic irregular shape 
is shown in Fig, 1o7(c). Here shear begins at the point of 
stress concentration. The shear work does not have time to 
escape and raises the temperature on the shear plane leading to 
thermal softening. This causes more strain to occur on initial 
plane than vjould ordinarily occur, The shear plane than jumps 
to the next point of stress concentration leaving the material 
between relatively unstrained . Cutting with adiabatic shear . 



21 


occurs with a material that has poor thermal properties 
(low specific heat and thermal condictivity) , reasonably 
high specific energy, and tendency to soften at elevated temper- 
ature, Titanium and its alloys result in chip shapes of 
this nature, 

C ) Continuous Chios mth Built Up Edge 

At the speed where the temperature at the chip tool 
interface is relatively low, fracture may occur v/ithin the 
chip along a plane approximately at right angles to shear plane. 
This is because of high resistance between the chip and tool face, 
and it results in leaving behind a portion of chip attached to 
the tool face (Fig, 1,7(d)), This attached material then act as 
cutting edge and is called built up edge (BUE), A BUE tends to 
grow until it reaches a critical size then passes off v/ith 
the chip, 

1 .4 Previous Research 

1,4.1 Cutting at Low Temperature 

Few research workers have attempted to improve the 
cooling capacity of air by refrigerating it [6] Olson (1948) 
using cooled air in a milling operation, reported 400 percent 
increa'se in tool life over air at room temperature, Pahlitzsch 
has presented test results by using carbon dioxide gas and nitrogen 
gas as a cutting fluids. He found an improvement in tool life 
by about 150^ using C 02 and 240%' using i'l 2 compared to normal 
dry cutting. 
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Cryogenic cooling was first investigated around 1955 
by Bortley \Atio used liquid C 02 =>s the coolants. In a represen- 
tative series of e>cperiments by Leith and Heine [ 7 ] H-11, 

A-286, L-605, Mo - ,05 Ti and R-235 (all high strength temper- 
ature resistance materials) were turned^ mi lied, drilled and 
taped in order to determine the effects of three different 
cooling techniques on the machining of these materials. 

Cooling \Aes accomplished by (i) application of CO 2 mist 
at cutting edge; or (ii) floating both workpiece and tool with 
ABCO 156-A solvent,; or (iii) cooling the workpiece in cold 
chest prior to machining. Neither the irechanical properties 
nor the microstiructure of the metals tested were significantly 
affected, Leeth et al, concluded that under their test condition, 
despite increase in tool life and cutting. speed, saving 
coaid not necessarily result because of the cost of coolant, 
added equipment and increasedjma chine maintenance. Cost saving 
resulted only from subzero machining of A-2S6 (solution treated 
and annealed high strength steel) from bar stock into the form 
of a unthreaded bolt, application of subzero coolants did not 
lessen the v;ork hardening characteristics of this alloy, 

Hellis 8 reported that during the high speed turning 
of various Titanium alloys, the life of carbide tool could be 
enhanced substantially by cryogenic cooling them vath liquid CO 2 
around -TS^C, Titanium alloys are difficult to machine because 
of excessive work hardening, v;eld unbrittlement, galling tendency 
and higher friction. These factors result in higher cutting 
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point temperature and faster tool wear. Significantly 
imoroved results were obtained when the direct exposure 
of the interacting surface of the cutting tool to the gaseous 
002 v\®s minimized by diverting the out flow of CO2 in a 
direction away from the tool and by using the neutral medium 
argon gas. 

Feron 12 v0s sprayed into the clearance space between 

the work and tool and dramatic increment in tool life and 

3 

reduction in cutting time/mm was observed [9 ] , Metals or 
alloys^ machined with greater ease while using subzero coolant LICJ, 
A study was made on surface finish and hardening of work 
materials made of stainless steel and titanium alloys at low 
temperature while cutting with cemented carbide tool [II] . 

It was established that the surface finish increases as temper- 
ature decreases. 

Uhera and Kumaga [12,13] have hinted about the reduction 
of cutting forces and improvement in tool life and surface 
condition by use of liquid nitrogen. Similar observations 
have also been proposed by Fillippi and Ippolito [14] who 
conducted cryogenic face milling, Cha ttopadhyay et al, [15] 
carried out high speed turning of mild steel using a liquid 
Nitrogen jet as a coolant and reported that cutting forces 
were reduced coupled with an improvement in surface finish. 

Yamaya et al, [16] observed an improvement in tool life while 
machining with alumina ceramics tool at higher speed at cryogenic 
temperature. 
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Chattopadhyay et al« [17] have studied the relative 

performance of surface grinding of scxne common steels of 

varying hardenness at different depth of cut by cryogenic 

cooling in the form of jet of liquid nitrogen. The surface 

after grinding under various condition were studied directly 

in transverse section in scanning electron microscope. They 

reported that use of liquid nitrogen produces the surface 

v^ich are smoother and free f rcxn other damages. Benefit of 

cryogenic grinding for the steel considered tends to become 

greater vath increase of grinding depth t, atleast vathin the 

range studied. Due to reduction in temperature and forces the 

life of wheel and dimensional accuracy is improved. Chattopadhyay 

et al, [18] observed that the actual temperature at grinding 

point came down drastically due to cryogenic cooling, the fall 

being about 25 to SCi^o of the temperature in dry grinding. 

Amount of temperature reduction in cryogenic grinding has been 

found to be reduced with increase in grinding depth t and ductility 

of work material. Flow zone structure of 4% carbon steel chips 

produced by turning at — 196®C has been studied by combination 

of microhardness measurement and optical scanning and transmission 

electron microscopy [19 ]« It was reported that pearlite change 

5 

to austenite during cutting despite hi^ heating rate (6x10 *C/ 
sec) and short time ( 1 ,5 - 5,5 ms). 
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Pathak [20] has studied the effect of low temperature 
on the cutting forces , tempera tu le rise, and growth in tool 
wear v^ile cutting mild steel with HSS tools. Liquid nitrogen 
jet was used for the cooling purpose. These results showed 
that the cutting forces, tool wear and mean chip-tool interface 
temperature decreased. Shear plane angle was calculated to 
be increased and soft straight and bright chips were produced. 

In the second part of work effect of low temperature on 
abrasive jet machining (AJI.-l) of glass vias studied (Fig, 1,8), 
Experiment vbs carried out in abrasive jet machining unit 
fabricated at IIT Kanpur, These limited experiments showed 
that penetration and material removal increases at low temperature, 

I 

1,4,2 Machining Titanium Alloys and Formation of Serrated Chios 

Titanium alloys are important materials for aerospace 
structural engineering application. They are hov/ever extremely 
difficult to machine, except at low speed oVidng to rapid tool 
v;ear [21], 

Pioneering studies on machining and mechanics of 

-for noqfccbrt- 

chip all-oys have been conducted since the early 1950 in the 
USA by Shaw and «:ovtforkers [6] , Boston and coworker and 
Merchant and coworkers and in France by Lee Maitre and Gobin [22], 
These studies illustrated several unique features with the 
machining of these alloys including the following; 

(l) The role of the poor thermal properties of titanium 
alloys which interact with the physical properties in controlling 
the nature of plastic deformation (i.e, strain localization) in 




^Stand 

(a) Scheme of low temperature AJM process. 



(b) A typical machined cavity profile. 
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(c ) Probable schematic diagram of lateral crack. 
Fig. 1.8 AJM of glass at low temperature. 
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the primary zone is illustrated. 

( 2 ) Periodic gross inhomogeneous deformation occurs in 
the primary zone (i.e, relatively low deformation forming 

the bulk of the segment separated by intense strain localization). 

(3) Instability, in the chip formation process results in 
a serrated or cyclic chip. 

(4) Oscillations in the cutting and thixist components of 
force cause chatter and the need to have a rigid tool - work - 
machine tool system, 

(5) High tool-chip interface temperatures and high 
chemical reactivity of titanium in machining with almost any tool 
material are responsible for the rapid tool wear. 

( 6 ) The low modulus of elasticity v^^ich decreases ' rapidly, 
even at a moderate temperature (it has about 50 /o of its room 
temperature value at 400 ®? , causes undue deflections of the work- 
piece, especially v;hen machining slender parts, and inaccuracies 
in the finished part, 

Shaw et al, [ 6 ] suggested that chip serration of titanium 
alloys is due to the onset of instability in the cutting process 
v«fhich results from the competing thermal softening and strain- 
hardening mechanisms in primary shear zone. Shaw [ 6 ] also 
suggested that the formation of concentrated shear (adiabatic 
shear) was due to poor thermal properties of these alloys and 
consequent concentration of thermal energy in these bands. 
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Early works by Recht [23] suggested that chip would 
shear locally if the rate of decrease in strength resulting 
from local rise in temperature equals or exceeds rate of 
increase in strength due to effects of work hardening. The 
phase catastropic slip or adiabatic shear v^s used to describe 
the localized zones of shear and it \^es stated that some 
materials are much more, i.iensitive to adiabatic shear than 
others. Makayama [24] has attempted to explain the reason 
for the chip serration. He has shov/n cracks to form along 
shear plane at the free surface of the chip/ workpiece boundary. 

It v’jas proposed that these cracks prevented further crack 
initiation in the v«rk material ahead of the tool and so 
determined the pitch of chip serrations, 

A detailed description of steps involved in the formation 

of one adiabatic chip has been produced [253 from machining 

experiments carried out inside a scanning electronic microscope, 

that 

Authors reported / there are tvjo stages involves in this 
process. One stage involves plast-'c instability and strain 
localization in a narrov/ band in primary shear zone, leading to 
catastropic shear failure along a shear surface (Fig, 1.9). 

The surface originates from the tool tip almost parallel to 
the cutting velocity vector and gradually curves in concave 
upwards until it meet the free surface. The other stage 
involves the gradual built up of the segment wdth low deformation 
by the flattening of the wedge shaped work material ahead of 
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advancing tool. The net result is that the chip thickness 
will be about the same us depth of cut for orthogonal cutting 
and, they said that this observation led some researchers to 
believe, falsely, that, the shear angle is very hi^ (about 45®), 
They suggested that the use of term "shear angle" should be 
discontinued for the chip formation of this types. In their 
concluding ronarks they reported the circumstances leading to 
tool v;ear v;hen machining titanium alloys as (a) rolling of virgin 
shear failed surface of the chip on to the tool face, thereby 
establishing intimate contact between the tool and freshly 
sheared titanium during upsetting of segment under formation, 

(b) Hi^ temperature generation in the very narrow shear band 
due to extensive shear concentration in this region and poor 
heat dissipation from this band due to poor thermal properties, 

(c) hi^ reactivity of titanium with most tool materials and 

(d) rapid flank wear due to the flov; of material tov«/ards the 
clearance face like dravang operation during the upsetting stage 
of the chip segmentation. 

As an alternative to Komanduri’s description of even'/s 
Van Luttervelt [26] has suggested a model which uses four 
active shear zones operating to produce one serration in a chip. 
The main difference between Komanduri and Van Luttervelt' s model 
is the concept of dead-zone of built up material on the tool face, 
Komanduri has observed this dead zone of material in tests but 
has put rather more emphasis upon the effect of hot shear zone 
material on the tool rake face. 
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Based on Komanduri’s sequence of events together with 
the inclusion of dead zone of metal Brown and Hinds [27 ] 
have described a model of the serrated titanium chips. They 
also obtained the variation in forces and^i through the formation 
of one segment in a serrated chip (Fig, 1,10), 

Komanduri [22] has tried to formulate the partition of 
energy in the machining of titanium alloys. Figure 1,11 shows 
the partition of energy in cfetail, Ovdng to rapid flank v;ear 
and almost no secondary defornation on the rake face significance 
of zone 2 and 3 vjhen machining titanium alloys is virtually 
to that for material yielding continuous chip formation. Signi- 
ficant portion of heat is generated at the clearance face and 
insignificant portion of heat is generated betvjeen the sliding 
chip and rake face (due to secondary shear). Also the fraction 
of heat carried away by the chip and getting into the tool 
would be different. The proposed energy partition is as 
follov/s: 


C 1 s 

u. = ( 1 - R, ) U + U. . 
t ' Vs 3 ff 




vjhere 


heat carried by chip 
heat carried by tool 
heat carried by work material 




Time, sec 


Fig.1.10 Sequence of events during the formation of 
one chip segment presented together with 
complementary force and temp, profiles. 


I 

1 



Fig. 1.11 Energy partition in the machining of Ti alloysp^^ 
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- fraction of heat going to chip from shear zone 

^2 “ fraction of heat going to chip from chip tool 

interface 

R^ “ fraction of heat going to tool due to flank 
friction, 

- frictional energy per unit volume due to rubbing 
between flank and machined surface. 

However, he did not explain the reason for very high temperature 
when cutting edgp is sharp or v/hen there is insignificant flank 
Vi/ear, 

1 »5 Objective and Scone of the Present Work 

The discussion presented in the preceeding section 
clearly reveals that the machinabilit y of various metals, alloys 
nonmetals, can be increased at low temperature. The basic 
objective of the present work was to see the v^.at would be the 
effect of low temperature at iff deformation zone in a machining 
process and the affect of variation of cooling of work material 
on cutting forces, keeping all other condition same. Titanium 
and its alloys possess low thermal conductivity hi^ melting 
point, low coefficient of expansion. These unusually poor 
thermal properties account, to a large extent, for the 
difficulties in machining Titanium and its alloys. Tool wear 
is extremely high and the usual cutting fluids are not efficient. 
The original plan of the present work v;as therefore to investigate 
the machining of Titanium and its alloys at low temperature at 
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length to observe the wear. However due to considerable 
difficulties in procurement of Titanixjm alloys work was 
confined to the machining of mild steel in first phase, and in 
second phase to the commercially pure Titanium, For cooling 
liquid Nitrogen has been used to create lov/ temperature in 
cutting zone or to cool work material. 

The cutting forces tool-chip interface temperature and 
mechanism of chip formation have been investigated. 



CHAPTEE 2 


MACHINING IN LIQUID NITROGEN ENVXROmENT 

2.1 Introduction 

If we consider the wear of the cutting tools, the effect 

M'S 

of conventional coolants not always positive. Almost all 
the cases coolants reduce the interface temperature but do 
not alv/ays increase the tool life (Fig, 2,1), It has been 
reported that though the coolant carries some heat away from 

IqncI 

wear^ ,it simultaneously shifts the maximum temperature closer to 
the tip, which enhance further wear at tool tip. Under such 
circumstances cryogenic cooling by agents like liquid nitrogen 
may meet the challenge offered by teat and its effects. 

Also the properties of materials with bcc, hep structure 
change drastically at low temperature; so, instead of cooling 
only the cutting zone, if the v,;ork material could be cooled to 
cryogenic temperature, additional advantage in the form of change 
in properties can be achieved. Keeping this in view the machining 
under liquid nitrogen environment is undertaken and accordingly 
setup is designed, 

2 .2 Experimental Setup 

For the present work a hmt centre lathe with step variable 
spindle speed and f eed was used. The head stock \Nhich is powdered 
by a DC motor ... was incorporated v.dth a four-jaw chuck to hold 
work material with accuracy. 
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■2»2,1 Exp^rinienitaJL Setup, .f ox.._CQol.liig -ArranoLement 

The experimental set-up is schematically shown in 
Fig, (2,2), For cooling one fully filled liquid nitrogen 
container of 26 litre v/as taken and v^s kept at the same level 
as of cutting point to reduce the length of tubing required for 
supply of liquid nitrogen* This kept the loss of heat to surroun- 
ding to a minimum. 

Distributor 

A simple four way liquid nitrogen distributor system 
was fabricated and welded to a copper tube - v.tiich carried liquid 
nitrogen from the bottom of the liquid nitrogen flask to 
the mouth of vessel. Distributor v/as made of copper to avoid 
corrosion and brittleness in liquid nitrogen atmosphere. While 
manufacturing, great care vjas taken to avoid any possibility 
of leakage. For this purpose, the number of joints were kept as 
low as possible. All the four cocks were welded at equal angle 
v;ith each other to the top of distributor. Spring loaded valves 
were used in cocks to minimize leakage, flow of liquid nitrogen 
could easily be controlled by regulating the cock lever, 

Nozzle-Holdinq-Svstem 

A nozzle handling device was designed and fabricated to 
hold the nozzles in position around the workpiece while performing 
cutting operation. Holding device ves designed so that liquid- 
nitrogen could flow out either bn the face of work material (as in 
the case of a pipe) or on the cylindrical surface (as in the 




Fig. 2.a Schemetic diagram showing cooling arrangement. 
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case of a rod). Figure 2,3 shows the diagram of holding device. 

The whole systan was mounted on the tool carriage so that it 
also moved with the tool during the operations. To ad’ust 
the gap between the work material and nozzle tip, screw were 
provided at the holding position of each nozzle, 

Noz zle 

Four converging nozzles of aluminium vvsre manufactured 
so that liquid nitrogai comes out vath sufficient velocity from 
the nozzle irrespective of the position of nozzle around the work- 
piece. A diameter of the holes at input and output of the nozzle 
were kept 6 and 1 ,5 mm, respectively in the length of 55 mm, 

A continuous taper could not be provided due to manufacturing 
difficulties. Step drilling ms done to get reduction in diameters. 
Serration at inlet was provided for leakproof fitting 

Tubinq^Insulation 

Four tubes of plastic vjere used to carry 

liquid nitrogen from distributor to nozzles » A very good insulation 
of glass wool of 60 mm thickness v,as provided in the middle 
part of tubes and insulating rubber tubes (used for refrigeration) 
were used as insulating material at the beg'-nning and end of 
the plastic tubes. These rubber insulating tubes having inner 
diameter of 7 mm and thickness of 5 mmK v^ere found to be 
satisfactory, and minimized the possibility of breaking of * 
the plastic carriage tubes which become brittle at low temperature 
and tend to break when nozzle end of the tubes move towards head- 
stock. 
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5 .2 Experimental Set-up for Force Measurment 

As the cutting vas of orthogonal type, the force in 
the difection of tool axis was zero, so only two component 
of forces that is cutting force and feed force were measured 
using a lathe tool dynamometer, DC supply (of 7 volt, ) 
vias used for exciting the measuring strain gauge bridges. 

In order to record and analyse the results, the dynometer was 
connected to a recorder which gave readings in mV, Keeping all 
conditions same, the dynamometer was calibrated for both the forces 
Increasing loads through standard weights v/ere applied. On 
the basis of load and the corresponding deflection obtained by 
recorder, a calibration chart vms made. It is shovm in 
Fig, 2, 4, It can be seen from the calibration curves, 
that it is linear upto the applied load. This curve can be extra 
polated for higher values of load, 

2 2 *3 Set-up for Temperature Measurement 

The most extensively used method for tool chip interface 
temperature measurement, uses the tool and work material as the 
two elements of a thermocouple. The laws of thermoelectric 
circuit that are applicable here are summarized as follows: 

(1) The emf in thermoelectric circuit depends only on the 
difference in temperature between the hot and cold junctions, 
and is independent of the gradients in the parts making up the 
system, 

(2) The emf generated is independent of the size and resistance 
of the conductors. 




AUJ 


Load, kg 

Fig. Dynamometer calibration curve. Input voltage s 0y7 Volt 
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(3) If the junction of tv;o metals is at unifoitn temperature, 
the emf generated is not affected if a third metal v*iich is 
at the same temperature, is used to make the junction between 
the first two. 

In the tool v/ork thermocouple shov/n in Fig, 2.5, cutting 
tool and workpiece were electrically insulated from the lathe 
machine. One threaded mild steel bar was screwed to the end 
of the workpiece and on the other, end of the bar a copper disc 
was mounted. To make a continuous contact the copper disc vas 
kept in a mercury bath. Similarly a copper wire was soldered 
to the HSS tool to complete the connection. The chip and tool 
junction H constituted the hot junction, vtiile A and B, cold 
junctions, remained at room temperature, An ‘Omnniscribe * recorder 
was used to record the emf generated in the operation. For 
proper correlation and to save cutting material and tool, it was 
decided to measure temperature and force at the same time. To 
avoid the heating of the cold junction, cutting v.as performed 
for short duration, and also while cutting steel only 1 0Jo of 
the total heat generated goes to tool which further reduced the 
possible error in measurement, and steep temperature/ gradient 
occurred. Calibration of tool work thermocouple v^as carried out 

(Fig, 2 j5)A standard thermocouple of Aiurne?^! Chromel v^s used and 
v^as also connected to recorder. Hot junctions of both the 
thermocouples were dipped in a lead bath to record the same 
temperature. Temperature of furnace was found by the reading 
. standard thermocouple and vjas related to the emf of thermocouple 




Fig. 2.'^ Schematic diagram for measuring chip tool 
interface temperature. 
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2 6 Arrangement for calibration of tool work 
thermocouple . 
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to be calibrated. Figure 2,7 shows the calibration curves for 
mild steel-HSS and Pure Titanium — HSS thermocouple. 



In the present set-up hi^ speed steel was used as the 
cutting tool material. The dimensions of each tool were taken 
as 55x10x10 mm, keeping the bore dimensions of the dynmometer 
(33x12x12 mm) in view. Cross section of the tool was taken 
less so that electrical insulation could be provided around the 
tool. Tool over hang was kept 18 mm. The tool geometry v^s 
kept as follows: 


Angle 

Value 

Bake Rake 

O'- 

Side Rake 

12® 

End clearance 

6‘> 

Side clearance 

7" 

End cutting 
edge 

6“ 

Side cutting 
edge 

00 

Mose radous 

0 


Some experf'ments at room temperature were also conducted 
v/ith strait t grade carbide inserts with an edge radius of 40^m 
to avoid builtup edge formation. Standard tool holder was 
used v;ith following tool geometry o 



Angle Value 

Bake Rake - 0® 

Side Rake - 5® 

En d -11® 

clearance 

Side - 6® 

clea ranee 

End cutting -15° 
edge angle 

Side cutting-15® 
edge angle 

Nose radius - ,8 ram 

However due to difficulties in mounting on the dynamometer 
and large overhang, large vibration were observed even with less 
feed and small depth of cut, so it was not used for further 
experiments , 

Work Materials 

Test v/ere mainly conducted on mild steel bar of 96 rnm 
diameter and pha^ commercially pure titanium (RT 12 - 
Hardened and Annealed) of 48 mm diameter. The follovlng table 
gives the properties of the material used: 
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Tensile Properties Commercial 'Pure Medium Carbon 

Titanium Steel 


Elastic modulusxl O^Psi 17 

Yield strength! 2% Ksi) 86 

Ultimate strength! Ksi) 100 

Elongation {%) 50 

Reduction of Area % 35 

Thermal conductivity 
cal/cm2-cm-®C ,05 

Density 4.5 

Vol, specific heat o56 

!cal/cm^-''C) 

Theimal expansion 8,4 

!micro inch/in “C) 

Approximate ductile -IbO^C 

brittle transition 


2,S“ Experimental Procedure 


30 

49 

86 

25 

60 

c18 

7.8 

,86 

11 .3 
RT 


Dry _Cutti ng 

Mild steel bar insulated from nechine vb$ held in headstock 
and a HSS tool with proper insulation v/as fastened to the d\TiaMO - 
meter, as mentioned earlier. Work material v;as made insulated 
from tailstock by providing a thin sheet of insulating material 
!Fig, 2J5 ) on the taper side of centre, A feed of ,05 mny'rev 
was selected and constant depth of cut of 2 mmvas used throu^out. 
Cutting operation v/as first performed at low rpm. Dynamometer 
connected to the double channel VOmniscribeV recorder, directly 
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recorded the tv/o components of forces on graph paper. Simi- 
larly, the tool-chip interface temperature vas recorded by 
other recorder. Cutting operation was continued till recorder 

C£)*^pl£K‘ng ^ tjo ‘Mn 

system indicated stable deflection. At- 4his s-t-age tha tael 
pes-% wa-s taken back a-nd other tool with sharp edge vas fastened, 
and the same operation was repeated for higher rpm. After doing 
one set of experiments, another set was performed by changing 
the feed to ,125 mm/rev. For each feed the experiments were 
performed at really different speeds. 

With Licfuid Nitrogen 

Experiments were performed by varying 'the number of nozzles 

2 

open' during turning. Air under a pressure of 2kg/ cm vas sent 
on the top surface of liquid nitrogen ^ , which compressed 

the liquid to flow out through central copper pipe in the form 
of a jet. Only one cock of the four vay distribution system 
vas kept open and the liquid nitrogen jet \as applied on the 
surface of rod through the nozzles as per plan. Only after 
sufficient precooling had occurred the experiment vas performed. 
After doing one set of experiments, the other sets were performed 
by opening, two nozzles and four nozzles, respectively. For 

each cutting operation a fresh tool wa^/used. Tests were conducted 

orM / 

at feed rates of ,05 mw rev ^ ,125 mm/i:£>j 

At ,125 mnv'r'ev feed one extra set of experiment vas 
conducted by applying the jet of nitrogen on the work material 
ahead of cutting zone as shown in figure. 



Commercially ^ titanium was also machined with and 
v/ithout liquid nitrogen. Experimental procedures were same 
except for the depth of cut which was taken as 1mm in the latter 
case. In the beginning, experiments were conducted with 2 mm 
depth of cut but due to large chattering and galling problem, 
it was decided to condict experiments at lower depth of cut of 
1 mm, n/hen cutting Ti vd.th liquid nitrogen, experiments were 
conducted using four nozzles only, for both feeds (0.5 m/rev. 

and ,125 m/rev.). It became^becaus e of the problem in procuremerrt 
of liquid nitrogen. 
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C HAPTER 3 

II ■■I W Wl W H W > i nj i 

RESULTS AlCi DISCUSSION 


3.1 Machining of Mild Steel 

The various experimentally obtained and calculated 
results for machining of mild steel are tabulated in Tables 

3.1 to Table 3,9 and are plotted in Figs, 3.1 to 3,11 « 

3,1 ,1 Cutting Temperature 

Figure 3,1 and Figure 3,2 shows how the temperature 
is reducing for different feed when liquid nitrogen is used 
for cooling purpose. It can be seen from Fig, 3,3 that as 
the rate of flow of liquid nitrogen (number of nozzle) on 
the work surface is increased the percentage reduction in 
chip-tool interface temperature also increases. But the 
increase is showing a kind of a saturation at high rate of flow. 
This can be explained apparently as below. 

The fraction of heat generated at shear plane going to 
Vi/orkpiece refnains independent of quantity of LN 2 flow thf^n the 
chip tool interface temperature should also rise in the same 
proportion as the increase in heat flow into the chip. 

Apparently upto some flow rate there is increase in 
heat withdrawal from shear zone, causing the interface temperature 
to fall sharply. Beyond a certain heat withdrawal rate (in the 
region of two nozzleg Figure 3.3 ) interface temperature does 

not fall so sharply. 
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It can also be seen that fall of temperature is 
more at higher speed but overall percentage fall is decreased 
with speed (Fig, 3.4), With increase in feed, percentage 
reduction in chip tool interface temperature also decreases, 

3 , 1 ,2 Cutting Forces 

Figures 3,5 and 3,6 (and Table 3,1 and 3,2) show the 

variation of cutting force with velocity for different cutting 

environment. Variation of feed force F^ is tabulated in Tables 

3.1 and 3.2 for two different feeds. From the experimaital 

results it is clear that cutting forces are shovang slight 

decreasing trend with increase in velocity. Actually the cutting 

force gets affected by shear plane angle. As shear plane angle 

increases, shear plane area decreases, hence tool undergoes less 

plastic deformation. Cutting fore* also depends upon the 

tool-chip contact length and nature of chip. It can be seen 

that cutting force (F^) was decreased significantly when 

liquid nitrogen was used. Drop in the above-mentioned forces 

increases with increase in ness flovj rate of liquid nitrogen 

atleast within the present range of study. However tables 3,1 

and 3.2 show that change in feed force F^, v-^en liquid nitrogen 

is supplied on cylindrical surface of work is very insignificant. 

Probable reason for the observad nature of the feed force with 

use of liquid nitrogen (vtien cutting force is decreasing) is the 

of 

increase of mean coefficien'^friction between tool and chips. 
Variation of is also shown in Fig, 3,7 for a feed rate of 
,05 mm/ rev. In column 7 of Table 3,2 the variation of p 
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Fig. 3.6 Variation of cutting force with speed (experimental). Feed r 0.125 mm /rev. 
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for a feed rate of *125 mm per/rev is shown. It can be 
seen that p increases with the cooling of work or^the increase 
in the mass flow rate of liquid nitrogen. But when liquid 
nitrogen was supplied just ahead the cutting tool, a significant 
drop in the cutting force (F^) as well as feed forces (F^) was 
observed. It can also be seen that in later case the mean 
coefficient of friction between tool and chip reduces as 
compared with the previous case as well as that v/ith dry 
Cutting forces (F^) and tool-chip interface 
temperature are related by the following equation: 


e a 



(3.1) 


or 


9 


a 




(3.2) 


If experiments are conducted under identical cutting 
conditions (i,e, b, t and v) the interface temperature and 
cutting force should be related as follows: 


«2 


jc2 
■ cl 


/ 


-q-Tqc7 


^2 ^ 2^2 


(3.3) 


wliere subscript 2 stands for cutting with liquid nitrogen 
conditions and subscript 1 stands for dry cuttin g condition . 
Fran equation 3,3, we can write 

0. 


''c2 


e 


/ 


1 


P, k. c. 

11 1 

p 2 ^2 C 2 


(3.4) 


The ratio are calculated for various speeds (therefore for 



CSl 

2 



• <3 0 



(rf) uoipuj 


“ia.3.7 Variation of mean coefficient 
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various interface temperatures) and for different mass 
flow rate of liquid nitrogen (different degree of cooling of 
workpiece) and are shown in Tables 3,3» 3,4 and 3,5, Values 
of ©2 and ©^ are taken from experimental graph (Fig, 3,2) and 
are entered in the columns 2 and 3 of the above tables. 

The ratio of calculated from equation (3.4) has 

been compared with the ratio of the forces actually measured. 

The two sets of ratios of been entered in column 

9 and 10 respectively of above tables and also plotted in 
Fig, 3,8, As can be seen there is a very close agreement 
between these two ratios. One of the conclusions wkdch can be 
drawn at this stage is that change ir specific cutting energy- 
can be predicted by theoretical analysis or experimental analysis 
with equal accuracy. 


3.1,3 Calculation of Maximum Tool Chip Interface Tgnperature 

The maximum temperature rise along the tool rake face 
can be given as follows (^Boothroyd, 28 3 


®total ®o ' ®p ®s 


(3,5) 


©_ is temperature rise across the primary deformation zone, 


and is given by 
©^ 


P C vt^ VJ 


(3.6) 


wiiere ^ Is the fraction of primary heat nhich goes to the work 
piece , can be taken as follovi/st 



TABLE 3,3 : Comparison of (Theoretical and Experimental) Cutting Force Ratio 

Using only one Nozzle 
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TABLE 35 V Comparison of (Theoretical and Experimental) cutting Force Ratio Using 
only Four Nozzle 
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Fig. 3.8 Comparison of (theoritically and experimentaly) 
cutting ratio. 



72 


X = 


In (. 


wheri 




(3.7) 


(tD. = 


®s is temperature ri 

■*^hit>ugh the ®long the rake face of the tool 

s onda rv h 

^ ^^fomation zone and is given by 

= '.i3/i3rr~iA > 




Pc vbt^ 


(3.8) 


tan (p - a ) 


^ bov 


’ve equations. 


assumptions were made \vhile derivii 


^ ^ ^ All of the 

alono +u ^ energy expanded at shear zone and 

"s the tool face . 

converted to thermal energy^ 

(2) The eper 

is cr^y^ shear zone and at along the tool face 

concentrated on a , 

plane surface , 

(3) Energy qx ' 

uni -F,. shear zone and along the tool face is 

dlatxibutad, 

in order to 

Calculate © the follovdng calculations 

necessary: 
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(i) Calculation of chip thickness ratio, ’r' 

( ii) Calculation of shear plane angle, ’P' 

(iii) Calculation of fraction of heat generated 
at shear zone which goes to workpiece, ’X’ 

( iv) Calculation of plastic deformation work 

at primary deformation zone (Wp), and secondary 
deformation zone (V» ), 

3 


( i) Calcula tior 


The chip thickness ratio, r, is defined as the rati( 


of uncut chip thickness to the chip thickness. This is calculated 
by measuring the weight and length of collected chips 



values of r for known values of feed rate t^ and width of 
cut b were estimated and these values have been entered in 
column 5 of Tables 3,1 and 3.2. The variation of r with speed 
is conventionally a decreasing function v/i th speed. However, 
present experiments did not always yield this trend. Conven- 
tionally observed trend has been observed only in lower speed 
but not in higher speed. The agreement between the conventionally 
observed and the measured values of r in peesent work has been 
found to be better at lower feed than at hi^er feed. 
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It is possible that at the higher speed the stability 
of dynanometer which was holding the cutting tool was not 
good. Also a simple calculation shows that the 2/3 error in 
the pitch of lead screw can cause about 25j^ error in the 
esti-KStion of the chip thickness ratio. If one has to measure r 
very accurately a steady lathe with a lead screw of negligible 
backlash and excellent dynanometer mounting ia required. 


( ii) Calculation of Shear Angle *0* 

Shear plane angle can be estimated either using 
simple shear plane model or from one of the standardised shear 
plane equations based on Ernest and Merchant, Lee and Shaffer 
or other similar equations. The values of p calculated on 
the basis of simple shear plane models iracoporate the values 
of r as shown by the following equation: 


tan p 


r Cos g 
1 - r Sin a 


(3.9) 


Ernest and Marchant formula has also been used to calculate 
the value of p, 

2P+p-a=^ (3,10) 

In order to calculate the value of p from above 
equation, value of friction coefficient p has been calculated 
from the following equation: 

|i = tan p = tan*”^ (F/M) (3.11) 

where 
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F = Sina+ Cosa 

m. 

and 

“ F^ Cosa — Cos a 

In this equation F^ and F^ represent the cutting forces respectively 
which were recorded by dynanometers , 

The value of p calculated by using equations (3,9) and 
(3 jo) have been presented in columns 6 and 8 in Tables 3,1 and 
Table 3,2, It is interesting to observe that t¥/o sets of p 
values are within 15 to 20fo variation under dry cuttinq conditions. 
Under liquid nitrogen conditions the maximum observed orderof 
mismatch is 25/a, 

Some authors have recommended to use Lee and Shaffer 
equation for the estimation of P, In present case, the use 
of Lee and Shaffer equation gives a mismatch of large magnitude 
(approximately 50/0. Therefore the Ernest and Merchant 
solution was observed to be better applicable for larger values 
of coefficient of friction (more than unity) in the present 
experiments. However the shear plane model (eqn, 3,9) 
chosen for the calculation of P values in the present work, as 
it involves only one experimentation. 

(iii) Calcula ti on of _ 

Equation (3.7 ) shows the ex-pression for X. Normally 
an iterative method is used to calculate the value of x v^hen 
accurate temperatures estimations are required. Since in the 
present work the objective was to compare the two situations 
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(dry cutting and liquid nitiugen cutting) a simple though 
little less accurate method was used to estimate the value 
of X o }\ was calculated under room temperature properties t 
and this was used to calculate 0 * For subsequent actual 

H 

calculation of X thermal properties were taken at 0 . 

(iv) Calculation of VV and 

VVp and are given by 

Wp = ^^c.V “ P.^.V 

and Wg = F.r.V respectively 

vtiere F is equal to 

% 

F = F^ Sin a + F. Cos a 
c t 

F^ and F^ are measured by dynanometers. V is cutting 
velocity and calculation of r has already been explained 
earlier. Thus the rate of heat generation in primary 
zone ( Wp) and the secondary zone (^’g) can be found. 

The estimate of these quantities have been presented in 
the columns of 2 and 3 respectively of Tables 3*6f 3 *7, 3 *8 
and 3.9* 

It is very interesting to observe that when 0p is 
calculated from equation (3.4) and 9^ f ran equation (3.5j the 
final maximum tanpeiatore 9 agrees quite well with the tmpeiature 
measured by using tool work thermocouple technique. 

This can be seen from Tables 3.6 to 3.9 and variation 



TABLE 3,6 : Comparison of (Theoretical and Experimental) Tool-chip Interface T^jperature 

vvhen Machining MS in Dry Cutting Condition 

t = ,125 mm/ rev, 
k = 54 W/m'^C 

c = 500 J/kg^^C 
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TABLE 3,7 : Comparison of (Theoretical and Experimental) Tool Chip Ihterface 

Temperature v;hen Machining MS using only one Nozzle 
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Rg. 3.9 Comparison of (theoritical and experimental) max. tool chip interface temp. 
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®total ^ 'theoretical and experimental) v.ith velocity 
is plotted in Fig, 3,9, 

Figure 3,10 shows variation of heat partition factor 
vd-th ( - ^ ^ ^ ) when this figure is compared v/ith the 

rig, ( 3 , 11 ) [ Booth royd, 28] it is seen that there is quite 
a good similarity between them. Curve 3.11 is valid for 
various materials under different combination of cutting 
conaitions of v, 0 and t^ whereas present curves confirms that 
the influence of liquid nitrogen has change the mec^Bnical 
properties of material as a result of cooling v.dthout changing 
the mechanism of cutting. However v»hen the liquid nitrogen jet 
was impunged just ahead of the cutting edge , factor X 
decreased and this is seen the change^ the influence mechanism of 
cutting indeed the values of coefficient of friction decreased 
(Table 3,2) this indication that the mechanism of chio formation 
changed, it was also observed that the chip obtained were 
thinnest , 

It is to be observed that equation (3,1) has been obtained 
by dimensional analysis approach vjhereas equation (3,6) and (3,8) 
have been obtained on the analysis of temperature in the 
deformation zones. 

Using both these approaches an the present v/ork it can be 

seen that is fairly good agreanent between theoretical and 
A 

experimental work both for temperature as well as forces exist. It 
confirms that the mechanism of temperature generation and 
mechanism of cutting for steel in dry condition and liquid 
nitrogen condition are similar. 
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3 ,2 Machining of Tltan^ip 

Figures 3*12, 3,13 show the variati on of temperature 
at various speeds and Figs, 3,15, 3,16 show the variation 
of cutting force F^ at corresponding speeds. 

3,2,1 Cutting Teraoerature 

Figures (3,12) and (3,13) give the variation of temperature 

for two different feeds with and vathout liquid nitrogen. It 

can be seen that the fall in temperature obtained is very 

significant in both the cases. It can also be seen from 

Fig, 3,4 and Fig, 3,14 that the percentag e fall in tenperature 

reduces with increase in speed. For feed .125 mm/ rev., the 

is 

percentage fall with speed^sharp and reduces continuously 
whereas percentage reduction in temperature with feed* 0.5 mm/rev, 
is of higher magnitude and reduces sharply at the beginning 

then at. higher speeds reduces slowly. For the same value of 
temperature of dry cutting at tvjo different feed, the percentage drop 
in tanperature is higher for the feed of ,05 mm/ rev. 

Temperature is also calculated theoretically based on 
shear plane theory (Table 3.10) as it vas calculated for mild 
steel in section (3,13). In this case, there seemsto be 
almost no agreement betv.een the temperature theoretically 
calculated and experimental obtained. It can be concluded from 

that 

(a) chip formation mechanism is different than continuous 

chip formation, so above calcula tion are not valid lor Tii,anium 

alloys. 



Oo *ainiDjadui3i aoDpa^ui 









Speed , m/min 

Fig. 3.13 Variation of interface temperature with speed. Feed « 0.12 5 mm /rev 







Fig.3.T4 Percentage variati 



TABLE 3,10 : Comparison of (Theoretical and Experimental) Tool Chip Interfa 

Temperature when machining titanium 
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or 

(b) Even if th e mechanism of continuous chip forr.ation is 
applicable, there must be some other source of heat generation 
other than in the shear zone and along the tool face 
or both ( a) and ( b) , 


3 *2 . 2 Cutting Force 

As can be seen from Fig. (3.15) and Fig. (3.16) drop 
in forces with liquid nitrogen is very small, almost negligible, 
as compared to the fall in forces vdth mild steel. Also 
calculating from Table 3.11 show that the specific cutting 
energy for Titanium falls by 5)) only under liquid nitrogen 
condition v/hereas for the mild steel the decrease v/as nearly 
15)j in same speed range. The exact importance of this features 
could be discussed here if the two work pieces used were identical, 
Generally the variation in specific cutting energy is considered be 
due to the material property, this may also have connecting vdth 
micro structure, the level of defect density and lattice structure. 

The author can only think that it is atonsitic features 
which have to be investigated in depth to establish the reason for 
above differences in specific cutting energy. 

The calculation made in section 3,1,2 for mild steel for 
different temperatures were repeated for the case of Titanium 
to calculate the ratio of forces as shown in Tabic 3,12, This 

table show that the agreement between the relations of 

(experimental) is almost absent.Which shov/s quite a different 
trend than that seen in the cutting of mild steel. Accordingly 




6h ^(^d)a3J0j 6uiun3 


Speed, m/min 

Fig.3.15 Variation of cutting force with speed (experimental). Feed = 0.05 mm /rev 





TABLE 3,11: Compari son of Specific Cutting Energy 

Feed = t = ,125 mm/ rev. 
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the advantage of calculating the specific cutting energy 

theoretically for different cutting environ-ent is not available 
for Titanium, 

It is observed that forces reduction during cutting 
mild steel at low temperature is accompanied by an increase in 
sr.ear angle. If shear plane theory is applied to the Titanium 
it can be seen from Table 3,10 that considerable increase in shear 
plane angle occurs when cutting Titanium at low temperature. But 
at the same time there is negligible increase in cutting foice 
Fc . It can be concluded that either the mechanism of chip formation 
of Titanium is different than that with continuous chips formation 
or shear angle adjustment cannot be a means for improving the 
machinabi li ty of Titanium, 

3.2,3 Improvement in Vii'ear 

Greatest difficulty e’^countered in cutting Titanium 
v^as the generati on of very high cutting temperature, viiich led to 
higher tool wear and poor surface finish. This is the main 
reason why Titanium and its alloys are cut at lower cutting 
speed (60 m/min), vhich hamper the productivity of industry, 

Du ring the experiments it was observed that this metal could be 
cut at sufficiently high speed when licjjid nitrogen v^s used. 

Also there is no significant change in forces it can be assumed 
roughly that wear is only temperature dependent. 

From Figure 3.12 and Fig, 3.13 it can be seen that, 
particular temperature is reached at lower speed in case oi dry 
cutting Vv'hereas it is attained at much higher speed vlien cutting 
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is done under liouid ni+Trvri«r, «... • 

J.iquia nitrogen environment. It is possible to 

■calculate the percentage gain m t^ velocity for same interface 

temperature. Computing the values of the. two velocity for same 

Interface temperature from figures (3.12) and (3,13), a quantity 

V is obtained . A Gain Factor G can be calculated as 


G = 


A1 

V, 


X 100 


the quantity G would represent the possible rise in cutting 
velocity when machining with liquid nitrogen for same interface 
temperature. Calculated values of G for various speeds have been 
plotted in Fig. 3.17. As can be seen from the figure the Gain 
Factor is higher for lower feed. 


The possible reason for the increase in gain factor-may 
be due to less heat generation in lower feed for same quantity 
of LN2 supply at the same speed. 



Feed = 0.125 mm/ rev 



Speed , m/min 

Rg.3.17 Variation of percentage gain factor G with speed (experimental) for Ti 
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(8) Mechanism of chin format'fnr^ =+ i ^ 

P ormation at low temperature does 

not change for mild steel, 

(9; A wide increase in cutting range can be achieved ,*,en 

machining Titanium for same tool wear, hence productivity 
can be increased drastically. 


^ ^ ^C-QPe of Fu rther Re.qjt^rrh 

In high strength, heat resistant metal and alloys heat 
generation, as well as cutting force are much more. Conventional 
coolants fail to raiove the heat generated in r.achinin~ and mav 
effect adversely tool life. In much ^f the case machining operation 
are done at low cutting speeds. Using liquid nitrogen as a cooling 
agent above problem can be avoided and productivity can be enhanced 
by Viforking at higher speeds. 


As liquid nitrogen cost much more than the conventional 
coolants so economic of the process should be work out to optimize 
the use of liquid Witrogen as coolants. 
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